As evidenced by domesticated species, generations in captivity can alter morphology in mammals and other taxa. This study examined morphological change in a captive wild mammal, the oldfield mouse (Peromyscus polionotus subgriseus). Specifically, cranial and mandibular size and shape were compared using geometric morphometric techniques. These data show that magnitude of change increased with generations in captivity, but physical changes between populations were not cumulative or progressive. Observed changes were likely due to relaxed selective pressures associated with captivity, coupled with founder effects. The results of this study have significant implications for captive management of mammals, particularly for those populations used for conservation. Biologists who bring animals into captivity need to be aware that morphological changes, as well as other changes, most likely have or will occur over generations in captivity. This, combined with changes taking place in wild populations, is likely to result in captive populations that are significantly different from their wild counterparts.
When a population is placed in captivity, selective pressures associated with the captive environment can alter morphology in various ways (Frankham et al. 1986; Hediger 1964; Price 1970; Seidensticker and Forthman 1998; Soulé 1986; Soulé et al. 1986 ). This has been shown repeatedly with domesticated species (Carlstead 1996; Darwin 1868; Lickliter and Ness 1990; Price 1984 Price , 1998 . With few exceptions, however (e.g., Duckler 1998; Lacy and Horner 1996) , effects of captivity on morphology have not been extensively examined for wild (nondomesticated) animals.
Captivity could change morphology in at least 3 ways. First, captivity could change the direction of selection, thus pushing traits away from the original mean. If this were the case, there would be a directional change in morphology as a function of number of generations in captivity. In other words, a trait's mean would shift but its variance would remain basically unchanged (Endler 1986; Fig. 1a) . Second, captivity could relax selection, thus allowing for a greater range of variation in morphological traits. In this case, the average expression of a trait within a population would not necessarily change, but variability in trait expression would increase with number of generations in captivity (Endler 1986; McPhee 2003; Fig. 1b) . Traits within a captive population could have high variance because individuals at the distribution's tails would not experience reduced survivorship or reproductive success. Third, related populations could become morphologically distinct in captivity due to founder effects. Populations founded from a few individuals could have different means and variances at the outset. Over generations, genetic drift can act on those differences, causing subsequent populations to be significantly different from one another (Hartl and Clark 1997) . In this case, no predictable pattern would emerge among captive populations.
To explore captivity's effects on morphology, I used geometric morphometrics to compare cranial and mandibular morphology (size and shape) among 3 captive and 2 wildcaught populations of oldfield mouse (Peromyscus polionotus subgriseus). Between 1952 and 2000, 4 founding populations of this subspecies were collected from Ocala National Forest, Florida. Since capture, the populations have been maintained in similar environments. This provides a unique and ideal system for examining effects of captivity on morphology. Such consistency, which makes direct comparisons possible, is rare in captive populations.
generations removed from the wild); GR 14 (founded in 1991); GR 2 (founded in 1998); WC (WC ¼ wild-caught; trapped in 2000); and WC f (wild-caught founders; trapped in 1952). WC was the only population trapped specifically for this study. These mice were trapped in large folding aluminum Sherman Ò traps (H. B. Sherman Traps, Inc., Tallahassee, Florida). Traps baited with peanut butter and oats were set just before dark and checked at dawn the next morning (Animal Care and Use Committee 1998) .
WC f mice were founders of the GR 35 population; these specimens are in the University of Michigan Museum of Zoology collection. Founders for the other populations were unavailable for analysis. GR 2 and GR 14 mice were bred and housed at Brookfield Zoo, Brookfield, Illinois. The GR 35 population was bred at Brookfield Zoo from 30 individuals that were purchased in January 2000 from the Peromyscus Genetic Stock Center, Columbia, South Carolina. These individuals were 34 generations removed from the wild. All 3 captive populations were reared in very similar environments and conditions (R. Lacy, pers. comm.; J. Crossland, pers. comm.) . Sex ratios for all populations were close to 1 (WC f 6:6; GR 35 15:15; GR 14 15:14; GR 2 15:15; WC 14:15). There were no significant differences in age for the 3 captive populations. At a mean age of 13.4 weeks, all individuals were assumed to be mature (Millar 1989) . Ages were unknown in the 2 wild-caught populations.
Data collection.-All specimens were euthanized with CO 2 and were prepared with dermestid beetles at least 2 months prior to data collection. Dorsal, ventral, and lateral views of the skull, and lateral view of the mandible were photographed digitally with a Kodak DCS 315 Professional camera. The lateral cranial view and mandible were not photographed for the GR 2 or GR 14 populations due to time constraints (see Table 1 for sample sizes). For each view, homologous points (landmarks) were identified and defined (Table 1, Fig. 2 ). The full set of landmarks for each view is referred to as the configuration (Dryden and Mardia 1998) . Landmarks were found at foramina, intersections of sutures, extreme points of bones or teeth, and points of maximum curvature of bones. They were chosen to provide thorough coverage of the specimens. An individual was included only if all landmarks could be located. Each landmark was then digitized on the digital image, thus turning it into a single point in a multi-dimensional coordinate system. Data analysis.-Centroid size is the root mean square of distances from each landmark to the centroid (mean of all coordinates) of landmarks (Bookstein 1991 To compare shape, the coordinates for each specimen in this study were superimposed on each other by generalized least squares Procrustes superimposition to create a mean configuration. Generalized least squares superimposes specimens, minimizing the Procrustes distance (square root of squared distance between each landmark and its homologue, summed over all landmarks) between landmark configurations due to differences in scale, position, and orientation. This removes differences unrelated to shape (Rohlf and Slice 1990) . The variables of interest in these analyses were not the individual landmarks or coordinates, but shape variables that resulted from the generalized least squares. These shape variables were vectors representing differences between samples, or the covariance between the shape and some other variable-in this case, number of generations in captivity (Bookstein 1991) . The differences between each specimen and mean configuration were fit by the thin-plate spline, an interpolation function that infers what change occurs between landmarks. The thin-plate spline yields partial warp scores, parameters that can be used as variables in multivariate statistical analyses and ordinal analyses (Rohlf et al. 1996) .
To explore patterns of shape change in P. p. subgriseus, I analyzed shape in 4 stages. First, I explored the relationship between shape and number of generations in captivity with regression analysis (Regress6c, H. D. Sheets, Canisius College, Buffalo, New York). For these data, I regressed the full set of shape variables in the form of partial warp scores against number of generations in captivity. Second, I used principal components analysis (often called relative warps analysis when applied to geometric shape data) to describe differences among all mice (PCAGen6, H. D. Sheets). Principal components analysis does not recognize predetermined groups (in this case, population) but considers all specimens as 1 group. Principal components analysis rotates the original data and projects them onto a new set of axes, such that the 1st axis represents maximum variance in the sample. The 2nd axis represents the maximum variation uncorrelated with the 1st axis. This helps describe variation within a sample but is not a statistical test. The resulting groupings, therefore, are not necessarily statistically distinct. Third, I used canonical variates analysis to describe differences between the populations (CVAGen6, H. D. Sheets). Like principal components analysis, canonical variates analysis is not a statistical test but is a useful descriptor of differences between and among groups. The difference between them, however, is that canonical variates analysis recognizes predefined groups (e.g. populations) and uses within-group variation to scale the canonical variates. The 1st canonical variate is the direction in which groups are most effectively discriminated. As a result of rescaling, distances have been distorted so that the amount of separation along canonical variate 1 is not representative of the relative differences in distance between groups. The differences along canonical variate 1 were computed by regressing shape on canonical variates analysis scores (Rohlf et al. 1996) . Fourth, I compared shape between pairs of populations with multiple ANOVA (MANOVA) (TwoGroup6c, H. D. Sheets). As with size comparisons, there were 3 populations and 3 comparisons in the lateral cranial view and mandible, so WC, GR 35 , and WC f were considered significantly different if P , 0.0167. For dorsal and ventral cranial views, there were 5 populations and 7 comparisons, so WC, WC f , GR 2 , GR 14 , and GR 35 were considered significantly different if P , 0.007. Shape variance is the sum of the univariate variances of shape variables (DisparityBox6, H. D. Sheets). Pairs were considered significantly different if the mean of each group was outside the 95% confidence interval of the other. Variance in size was compared with Bartlett's test for unequal variances (Sall and Lehman 1996) .
RESULTS
Size.-From the ventral view, the 2 wild-caught populations were significantly different from one another. Mice from the wild-caught (WC) population had significantly smaller crania than wild-caught founder (WC f ) mice (P ¼ 0.0219). Across number of generations in captivity, size differed only from the dorsal view (P ¼ 0.0039). Mice 2 generations removed (GR 2 ) had significantly smaller skulls than mice in the WC (P ¼ 0.0071) and GR 14 (P ¼ 0.0018) populations.
Shape.-For ventral and dorsal cranial views, a regression of shape on generation was significant (ventral: P , 0.0001, r 2 ¼ 0.82; dorsal: P , 0.0001, r 2 ¼ 0.52). In general, as number of generations in captivity increased, the palatal region of the skull moved anteriorly (Fig. 3) . From the ventral view, Procrustes distance significantly increased with number of generations in captivity (P ¼ 0.005, r 2 ¼ 0.25). For all views but dorsal, either the 1st or 2nd principal component axis distinguished the GR 35 population from the other populations. GR 14 was also distinguished in ventral view, and WC and WC f separated from the other populations for the mandible. Overall, however, there was not a consistently strong separation between populations (Fig. 4) .
Canonical variate analysis highlighted more distinct relationships than did principal components analysis. For all views, GR 35 specimens strongly separated along the 1st canonical variate of the partial warp scores (Fig. 5) . Deformations based on canonical variates analysis describe the most useful traits for discriminating among groups (Fig. 6 ). Ventrally and dorsally, GR 35 mice, in relation to WC, GR 2 , and GR 14 , tended to have a shorter rostrum, wider palatal region, and shortened brain case. Crania of GR 35 individuals were generally shorter and deeper than WC, GR 2 , and GR 14 from the lateral perspective. Mandibles of GR 35 mice tended toward a slightly more anterior toothrow and shorter canine.
To understand the differences discussed above, I looked at pairwise comparisons of skull and mandible shape. Shape differed significantly between the 2 wild populations and across number of generations in captivity (Table 2 ). WC and GR 2 mice were not significantly different from one another for dorsal or ventral comparisons (Table 2 ). This is not surprising given that these 2 populations were closest temporally and generationally.
Pairwise change in shape between various populations, however, was neither consistent nor progressive. For example, in the ventral view, the incisors and mid-brain case shifted posteriorly between WC and GR 2 populations. They then shifted anteriorly between the GR 2 and GR 14 populations and posteriorly again between GR 14 and GR 35 . The palatal region shifted anteriorly in both cases. In a comparison of captive populations GR 14 and GR 35 to the WC population, the palatal region shifted anteriorly and the mid-brain case shifted posteriorly. The incisors, however, shifted anteriorly between WC and GR 14 and posteriorly between WC and GR 35 .
Variance.-Variation in skull and mandible shape differed significantly among populations. WC f specimens were more variable than the other populations in skull shape from the ventral view. The GR 35 population was less variable in skull shape from the ventral and dorsal skull views but more variable in the mandible than WC and WC f . In addition, mandible size in the GR 14 and GR 35 populations was more variable than that in the GR 2 and WC populations.
DISCUSSION
Researchers have long recognized that captive environments can drastically change morphology, as well as behavior and other traits, in wild mammals. In this study, I examined morphological change in the oldfield mouse as a function of number of generations removed from the wild. The opportunity to compare changes over 48 years in the wild and 35 generations in captivity is rare-and thus provides a unique chance to investigate the effects of captivity on morphology.
There are 2 caveats to this study, however. First, P. polionotus individuals grow throughout their life (Myers and Master 1983) . Although ages were known and not significantly different for the 3 captive populations, ages were not known for the wild-caught populations. Thus, any differences in this study between the wild-caught and any other population could have been due to age differences. Second, for the 5 populations used in this study, there were 4 separate groups of founders. For the purposes of this paper, I am assuming that all populations were random samples drawn from 1, larger population. They were, however, possibly drawn from distinct populations. Populations founded from a few individuals could have different means and variances from the beginning. Over generations, genetic drift can act on those differences causing resulting populations to be significantly different from one another (Hartl and Clark 1997) .
Change in the wild.-Crania of WC mice were found to be significantly smaller than those of WC f mice. Cranial shape from the ventral and lateral views was not significantly different, but WC and WC f mice did differ significantly in shape in dorsal cranial and mandibular view. Ages of the individuals in the WC and WC f populations were unknown, however. Thus, differences between them could have been due to age or selection. These data do not allow discrimination between those causes.
Changes in captivity.-In this study, I found the following differences across number of generations in captivity. First, crania of GR 2 mice were significantly smaller than crania of WC and GR 14 specimens. The differences between GR 2 and WC could have been due to age. The magnitude of difference between GR 2 and WC and GR 2 and GR 14 populations is essentially the same (ventral Procrustes distances: GR 2 -WC ¼ 0.0066, GR 2 -GR 14 ¼ 0.0104; dorsal Procrustes distances: GR 2 -WC ¼ 0.0085, GR 2 -GR 14 ¼ 0.0104). This suggests that GR 2 mice were, on average, smaller than GR 14 and WC mice.
Second, for pairwise comparisons of shape, I considered populations ''similar'' if none of the comparisons were significant, ''somewhat different'' if half of the comparisons were significant, and ''significantly different'' if all comparisons were significant. In this study, pairwise comparisons indicated that the WC population was similar to GR 2 , somewhat different from GR 14 , and significantly different from GR 35 . In addition, the GR 2 population was somewhat different from GR 14 , and GR 14 was significantly different from GR 35 . These results show that as number of generations in captivity increased, so did the magnitude of difference between populations. The physical changes, however, were not cumulative or progressive. For example, change between GR 14 and GR 35 was not a continuation of change observed between GR 2 and GR 14 populations.
Third, regression analyses indicated linear change in cranial shape, with the palatal region narrowing with number of generations in captivity and a positive linear change in Procrustes distance with number of generations in captivity. As mentioned above, when each pair was considered separately, physical change was not cumulative.
Fourth, principal components and canonical variates analyses suggested that the GR 35 population was most distinct. This is supported by the magnitude of changes found in the pairwise comparisons.
Fifth, cranial shape from the dorsal view was less variable in the GR 35 population than the WC, WC f , and GR 14 populations. Mandibular shape was more variable in the GR 35 population than in the WC and WC f populations; and mandibular size was more variable in the GR 35 and GR 14 populations than in the WC and GR 2 .
Overall, these results suggest that differences became more pronounced as number of generations in captivity increased, resulting in a strongly distinct GR 35 population. Although the magnitude of change increased with number of generations in captivity, the physical changes between populations were not cumulative or progressive. For example, the incisors moved anteriorly between the GR 2 and GR 14 populations but did not continue their anterior movement between the GR 14 and GR 35 populations. Instead, we see posterior movement of the incisors between the GR 14 and GR 35 populations.
At 1st glance, the increasing magnitude of change with number of generations in captivity suggests directional selection. The lack of progressive physical change, however, indicates that there was not a cumulative unidirectional shift in mean shape. Given these seemingly contradictory results, I propose that the observed changes were due to relaxed selective pressures associated with captivity, coupled with founder effects. The increase in magnitude of change shows that differences became more pronounced as number of generations in captivity increased, but relaxed selection allowed traits to shift in multiple directions.
The results of this study have significant implications for captive management of mammals, whether captive populations are used for experimental studies or conservation of endangered species. Biologists that bring animals into captivity need to be aware that morphological (as well as other) change has likely occurred over generations in captivity and in the wild. Thus, over generations, captive populations are likely to become significantly different from wild counterparts of interest.
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